Abstract. There is much research assessing the impact of climate change on the hydrologic cycle. However, it has often focused on a specific hydrologic process, without considering the interaction among hydrologic processes. In this study, a distributed hydrologic model considering the interaction between flow routing and land surface processes was developed, and its effect on river discharge estimation was investigated. The model enables consideration of flow routing, irrigation withdrawal from rivers at paddy fields, crop growth depending on water and energy status, and evapotranspiration based on meteorological, soil water and vegetation status. To examine the effects of hydrologic process interaction on river discharge estimation, a developed model was applied to the Chao Phraya river basin using near surface meteorological data collected by the Japanese Meteorological Research Institute's Atmospheric General Circulation Model (MRI-AGCM3.2S) with TL959 spatial resolution as forcing data. Also, a flow routing model, which was part of the developed model, was applied independently, using surface and subsurface runoff data from the same GCM. In the results, the developed model tended to estimate a smaller river discharge than was estimated by the river routing model, because of the irrigation effect. In contrast, the annual maximum daily discharge calculated by the developed model was 24 % greater than that by the flow routing model. It is assumed that surface runoff in the developed model was greater than that in the flow routing model because the soil water content was maintained at a high level through irrigation withdrawal. As for drought discharge, which is defined as the 355th largest daily discharge, the developed model gave a discharge 2.7-fold greater than the flow routing model. It seems that subsurface runoff in the developed model was greater than that in the flow routing model. The results of this study suggest that considering hydrologic interaction in a numerical model could affect both flood and drought estimation.
Introduction
There has been much research into the assessment of the impact of climate change on the hydrologic cycle (ex. Middelkoop et al., 2001; Hirabayashi et al., 2013) . In general, General Circulation Model (GCM) output is used as a boundary condition on the hydrologic models in those studies. However, research has usually focused on a specific hydrologic process without considering interaction among hydrologic processes. Incorporating a land surface model into a GCM provides only calculation of one-dimensional substance transportation without considering horizontal flux and hydrologic process interactions. The impact of horizontal water flux on the land surface process has rarely been an area of focus. Moreover, in many previous studies, GCM output was simply used as input data in river routing models, without considering the interaction between the land surface and river routing processes.
In this study, a distributed hydrologic model considering the interaction between flow routing and land surface processes was developed, and its effect on river discharge estimation was investigated. This model considers flow routing, irrigation withdrawal from a river to a paddy field, crop growth depending on water and energy status, and evapotranspiration, based on meteorological, soil water and vegetation status.
Distributed hydrologic model

Flow routing model
To simulate river discharge in this study, a flow routing model, 1K-FRM, was applied. 1K-FRM is a distributed flow routing model based on one-dimensional kinematic wave theory. This model was developed in the Hydrology and Water Resources Research Laboratory, at Kyoto University (http://hywr.kuciv.kyoto-u.ac.jp/products/1K-DHM/ 1K-DHM.html). The input topographic data is usually generated from the Hydrological data and maps based on SHuttle Elevation Derivatives at multiple Scales (HydroSHEDS) 30 arc-second digital elevation model and flow direction data (Lehner et al., 2008) . A program to generate input topographic data from HydroSHEDS data is also available on the website for 1K-FRM.
Land surface model
To estimate land surface fluxes, a land surface model, Simple Biosphere including Urban Canopy (SiBUC), was applied. The SiBUC model (Tanaka, 2005) was developed by expanding the Simple Biosphere model (Sellers et al., 1986) to incorporate the effects of land surface heterogeneity on land surface fluxes. SiBUC uses three sub-models (green area, urban area, and water body) to describe each grid box, using a mosaic approach.
There are three layers for description of soil moisture in SiBUC. The prognostic equations for soil moisture are based on the Richards equation. When the infiltration rate into the top-soil layer is greater than hydraulic conductivity, the surface runoff, Q s , is calculated. Gravitational drainage from the bottom layer is calculated as sub-surface runoff, Q sb , using Darcy's law.
In addition, an irrigation scheme was incorporated into the SiBUC model to handle artificial water control. For an irrigation scheme, a water layer, which has a temperature and depth, is added to the ground in the green area sub-model to simulate the hydrologic cycle in a rice paddy field more accurately. The basic concept of an irrigation scheme for a rice paddy field is to maintain water depth above the surface of the green area within an appropriate range defined for each growing stage of the cropping rice. When the water depth in an irrigation scheme falls below the minimum water depth, adequate water W r is supplied to the water layer on the ground until the water reaches the optimal depth, without considering water sources. In this sense, supplied water, W r , denotes the irrigation water requirement for optimal crop growth. The duration and appropriate range for each growing stage are shown in Table 1 . The planting and harvesting dates for the crops were set as vegetation parameters. (Homma and Horie, 2009 ) was used for almost all crop growth simulation. In a crop growth model, temperature, possible sunshine duration, soil moisture and nutrients are considered as crop growing factors. This coupled SiBUC and crop growth model was evaluated in an irrigated rice paddy field in Thailand (Yorozu et al., 2014) .
Interaction among models
A distributed hydrologic model consists of the aforementioned models. All models are driven independently and involve the interaction of stated variables with a certain time step. For a crop growth model, soil moisture is received from SiBUC to calculate the water stress component in crop growth. The leaf area index is given to SiBUC as a description of the vegetation status. SiBUC provides surface and sub-surface runoff, and irrigation water withdrawal with 1K-FRM as lateral inflow. On the other hand, 1K-FRM provides the river discharge rate as the irrigation water source for the irrigation scheme in SiBUC.
The continuity equation for the flow routing process in the developed distributed hydrologic model is given by
where A is the cross section area, Q is the river discharge rate, t is time, x is distance upstream from an indicated grid point, Q s and Q sb are surface and sub-surface runoff, respectively, and W in is the irrigation water withdrawal. In Eq.
(1), all terms on the right hand side are calculated by SiBUC. The equation is solved using applied Manning theory. The irrigation water withdrawal, W in , is calculated as follows:
Here, D is the water depth equivalent to the amount of river discharge per unit area, and F s is irrigation efficiency. In Eq. (2), DF s denotes the maximum amount of river water for irrigation. For this study, F s was set at 0.5.
Model application
Study area
The distributed hydrologic model was applied to the Chao Phraya river basin to evaluate the effect of considering artificial water control by irrigation on a hydrologic model of flood and drought simulation. Figure 1 shows the river channel structure in the Chao Phraya river basin and one of the most important river discharge stations, C2.
Input data
One of the objectives in this study was to evaluate the effect of irrigation water control on river discharge simulation. It was necessary to use meteorological forcing data with a high spatial resolution covering a long time period. Atmospheric reanalysis data covers the long-term period from the middle of the 20th century to the present, but the spatial resolution is coarse. The Japanese 55-year reanalysis project (JRA55), which has one of the finest spatial resolutions among atmospheric reanalysis data, has a spatial resolution of ∼ 60 km. To achieve the objective in this study, the output from the MRI-AGCM3.2S (Mizuta et al., 2012) , which has TL959 horizontal resolution corresponding to a grid interval of ∼ 20 km, was used as the meteorological forcing data. Temperature, wind speed and precipitation were provided with a 1-hour time step. Surface pressure, specific humidity, downward shortwave radiation, downward longwave radiation and runoff rate were provided with a 3 h time step. In this study, simulation results for 1979-2008 were used for the climate data. These data were used without any bias corrections, because the objective in this research was not to evaluate the climate change impact on the hydrologic cycle, but to evaluate the effect of irrigation water control in a distributed hydrologic model on a river discharge simulation. Land use data was based on the United States Geological Survey (USGS) Global Land Cover Characterization Simple Biosphere Model (GLCC SiB2) category (http://edc2. usgs.gov/glcc/glcc.php). Land use categorization for each pixel was modified so that the irrigated paddy field area matched the United States' Food and Agriculture Organization (FAO) statistics (http://faostat.fao.org/) for Thailand. Figure 2 shows the fraction of land use category in each grid point for single cropping without irrigation, single cropping with irrigation and double cropping with irrigation. Elevation, slope and river flow direction data were created from HydroSHEDS, which has a 1 km spatial resolution. For soil parameters, the EcoCliMap 1 km data (Masson et al., 2003) was selected. The vegetation parameter (leaf area index) for a paddy field was calculated using a coupled crop model. Except for the land use category, that data was taken from the USGS' MCD15A3 1 km product. 
Simulation design
The grid size for SiBUC and the crop model was ∼ 20 km, the same as the meteorological forcing data. In contrast, a 1 km spatial grid size was applied to 1K-FRM for the flow routing model. All models were integrated using a 1 h time step and appropriate conversions made for variables with a 1-day time step. The simulation period was set from 1 January 1979 to 31 December 2008. The first 1-year result was abandoned as relating to spin-up time. The planting date was set as 1 July for the rainy season crop and as 1 December for the dry season crop.
Experimental design
Two experiments were implemented in this study. One was a simulation by the 1K-FRM using runoff output from the MRI-AGCM3.2S. The second was a simulation by a developed distributed hydrologic model using meteorological output from the MRI-AGCM3.2S. In the former simulation, lateral inflow to the river routing model had already been calculated in the MRI-AGCM3.2S without irrigation water withdrawal. In the later simulation, lateral inflow was calculated by SiBUC, including consideration of irrigation water withdrawal. Hereafter, the former simulation is referred to as the FRM, and the latter as the IHM.
Results
To evaluate the effect of irrigation water control on a river discharge simulation, the duration curve was compared. Figure 3 shows the 29-year averaged duration curve for the C2 station. The larger river discharge at the C2 station was estimated using the FRM simulation. In the IHM simulation, river discharge was withdrawn by irrigation. This led to decreased lateral inflow to the flow routing model. The lateral inflow for the river routing model by the IHM and its difference from the FRM are shown in Fig. 4 . From this figure, it can be seen that there was an area where lateral inflow by the IHM was smaller than that of the FRM in the southern part of the study area. This area corresponds to an irrigated area (see Fig. 2 ). Moreover, it can be assumed that more than withdrawn water is consumed by evapotranspiration in the irrigated area. Figure 5 shows the annual amount of irrigation water, and Fig. 6 shows the annual evapotranspiration (both averaged over the simulation period) by the IHM and how it differs from the FRM. The annual amount of irrigation water was ∼ 200 mm; however, the evapotranspiration estimation for the irrigated area by the IHM was ∼ 300 mm more than that by the FRM. This may be because the rice paddy grew optimally in the crop growth model. For these reasons, it seems that the river discharge simulation by the IHM gave a lower result than the FRM. For flood and drought situations, model results showed a different tendency. The annual maximum daily discharge calculated by the IHM was 6095 m 3 s −1 , 24 % greater than that by the FRM (4922 m 3 s −1 ). In Fig. 7 , a time series of river discharge estimations is shown. From this figure, it can be seen that river discharge by the IHM is increased only during a flood event. It is assumed that the surface runoff rate of the IHM is greater than that by the FRM because the soil water content was maintained at a high level by irrigation withdrawal. As for drought discharge, which is defined as the 355th largest daily discharge, the result from the IHM (44 m 3 s −1 ) showed a discharge 2.7-fold greater than the FRM (18 m 3 s −1 ). It seems that subsurface runoff in the IHM was greater than that in the FRM. The results of this study suggests that considering hydrologic interactions in a numerical model could have an effect on both flood and drought estimation.
Summary
In this study, a distributed hydrologic model considering the interaction between flow routing and land surface processes was developed, and its effect on river discharge estimation was investigated. The study area was the Chao Phraya river basin and the developed model was carried out using near surface meteorological data calculated by the MRI-AGCM3.2S with TL959 spatial resolution as forcing data. Modeling of flow routing, a part of the developed model, was carried out independently using surface and subsurface runoff data from the same GCM. As a result, the developed model tended to estimate a smaller river discharge than that estimated by the river routing model, because of the effect of the irrigation. In contrast, the annual maximum daily discharge from the developed model was 24 % greater than that from the flow routing model. It is assumed that surface runoff in the developed model was greater than that in the flow routing model because the soil water content was maintained at a high level through irrigation withdrawal. As for drought discharge, which is defined as the 355th largest daily discharge, the developed model gave a discharge 2.7-fold greater than the flow routing model. It seems that the subsurface runoff calculated by the developed model was greater than that by the flow routing model. The result of this study suggests that considering hydrologic interaction in a numerical model could have an effect on both flood and drought estimation.
